Duration of initial disease response remains a strong prognostic factor in multiple myeloma (MM) particularly for upfront autologous hematopoietic cell transplant (AHCT) recipients. We hypothesized that new drug classes and combinations employed prior to AHCT as well as after post-AHCT relapse may have changed the natural history of MM in this population. We analyzed the Center for International Blood and Marrow Transplant Research database to track overall survival (OS) of MM patients receiving single AHCT within 12 months after diagnosis (N = 3256) and relapsing early post-AHCT ( o24 months), and to identify factors predicting for early vs late relapses (24 − 48 months post-AHCT). Over three periods (patient characteristics were balanced except for lower proportion of Stage III, higher likelihood of one induction therapy with novel triplets and higher rates of planned post-AHCT maintenance over time. The proportion of patients relapsing early was stable over time at 35-38%. Factors reducing risk of early relapse included lower stage, chemosensitivity, transplant after 2008 and post-AHCT maintenance. Shorter post-relapse OS was associated with early relapse, IgA MM, Karnofsky o90, stage III, 41 line of induction and lack of maintenance. Post-AHCT early relapse remains a poor prognostic factor, even though outcomes have improved over time.
INTRODUCTION
Autologous hematopoietic cell transplantation (AHCT) continues to be an integral component of initial treatment strategy in eligible patients with multiple myeloma (MM). [1] [2] [3] [4] [5] [6] Significant progress has been made in prolonging the duration of initial disease control through judicious combination of effective initial therapy, and AHCT with post-transplant consolidation and maintenance therapy of varying duration. 7, 8 However, most patients eventually relapse and the duration of initial disease control appears to be one of the most important prognostic factors for survival in patients with MM, likely a reflection of the underlying high-risk disease biology that may not be always reflected accurately in the baseline laboratory and MM-relevant fluorescent in situ hybridization findings. [9] [10] [11] Prior studies have shown that the time to progression after AHCT reliably predicts the overall survival (OS) from the time of relapse and in fact this has been commonly used as a metric for determining the potential benefit from a second AHCT used as salvage therapy. 9, 12, 13 In a study of 432 patients transplanted at Mayo Clinic within 12 months of their diagnosis, 94 patients (22%) had relapsed within 12 months of their transplant. 12 Median OS from diagnosis was 23.9 months in the early relapse group compared to 82.2 months in the late relapse group. Among the 265 patients who had disease progression after transplant, median OS from relapse was only 7.8 months for the early relapse group compared to 39.6 months for the late relapse group. Most of the available data reflect prior treatment approaches and the improvements in therapy over the past decade including the use of new drug classes and routine incorporation of post AHCT maintenance is likely to have altered these estimates. Finally, the risk factors associated with early treatment failure following AHCT as well as those associated with inferior outcomes post-relapse are not well understood in the context of modern therapies, and this knowledge will allow us to better predict risk and design clinical trials to improve outcomes.
We undertook the current study to specifically address how these clinical scenarios and their implications have changed during the recent decade, given the dramatic change in treatments and consequent improvement in OS of patients with MM. Specifically, we wanted to determine if risk of early relapse after AHCT has changed, if OS after early relapse has improved, the factors predicting early and late relapses after AHCT, and to compare post-relapse survival among patients suffering an early relapse (o 24 months from transplant) and those with more durable disease control. We used the Center for International Blood and Marrow Transplant Research (CIBMTR) database to conduct this analysis.
PATIENTS AND METHODS

Data source
The CIBMTR is a prospectively maintained transplant database that captures transplant data from over 500 transplant centers worldwide. Data are submitted to a statistical center at the Medical College of Wisconsin in Milwaukee. Participating centers are required to report all transplants consecutively; patients are followed longitudinally and compliance is monitored by onsite audits. Computerized checks for discrepancies, physicians' review of submitted data, and onsite audits of participating centers ensure data quality. Observational studies conducted by the CIBMTR are performed in compliance with all applicable federal regulations pertaining to the protection of human research participants. Protected Health Information used in the performance of such research is collected and maintained in CIBMTR's capacity as a Public Health Authority under the HIPAA Privacy Rule.
The specific objectives for the study were to determine if OS has improved between January 2001 and December 2013 among patients relapsing early ( o24 months) after an AHCT, to determine factors predicting early and late relapses (24 − 48 months) after AHCT and to compare post-relapse survival among early relapse (o24 months from AHCT) and late relapse (24 − 48 months from AHCT).
Patient selection
Patients who underwent first AHCT for MM in the United States or Canada from 2001 to 2013 and reported to CIBMTR were considered for the current study. Patients undergoing late AHCT (412 months from diagnosis), those undergoing tandem transplants, those receiving non-melphalan based conditioning, and those with unknown induction treatment agents were excluded. Patients were required to have at least 100 days follow-up or death prior to 100 days after AHCT and should have consented to research participation; those with unknown relapse status were excluded. The disposition of patients who were considered for inclusion is detailed in Supplementary Table 1 .
Endpoints
The endpoints of interest included disease response, progression-free survival (PFS), and OS after transplant. Disease response was assessed using the International Myeloma Working Group (IMWG) consensus criteria. 14 PFS was defined as time without progressive disease with patients alive and without progression/relapse censored at last follow-up. OS was defined as time from diagnosis or time of relapse after AHCT till death from any cause with censoring of surviving patients at last follow-up.
Statistical methods
We examined the post-transplant OS in the entire cohort from diagnosis of myeloma, and OS from post-AHCT relapse in the group of patients with a documented relapse occurring within 24 months of AHCT comparing it to those with a relapse after 24 months or none at the time of last follow-up. 
RESULTS
The study included 3256 patients who underwent AHCT within 12 months of diagnosis and had data reported to the CIBMTR. The baseline characteristics are as shown in Table 1 . The study cohort was divided into three groups based on the year of AHCT (Table 2) . Overall, 38, 38 and 35% of patients had relapsed within 24 months of AHCT in the three groups respectively ( Figure 1c ).
We initially examined the impact of early post-AHCT relapse on OS of patients and how it has changed in the recent years. The OS from diagnosis was 44.7 months (95% CI: 42.5-48.2) for those relapsing within 24 months of AHCT compared with 113.7 months (95% CI:108.2-121.7) for those who had not relapsed within 24 months, reflecting the poor disease biology associated with early relapse (Figure 2a ). Among those relapsing within 24 months, the median OS from diagnosis was 38.1, 48. 
Post-relapse outcomes
We evaluated the survival outcomes from relapse, comparing the outcomes of those relapsing within 24 months of AHCT and those relapsing beyond 24 months from AHCT or have not relapsed at last follow-up. The baseline characteristics and the transplantrelated characteristics of these three groups of patients are as shown in Table 3 . On multivariate, factors influencing early relapse included advanced MM stage (hazard ratio (HR) 1.2; 95%CI: 1.0-1.3; P = 0.02), chemo sensitivity (HR 0.8; 95%CI: 0.7-0.9, P = 0.007), transplant after 2008 (HR 0.8; 95%CI: 0.7-0.98; P = 0.02), and post-AHCT maintenance with novel agent (HR 0.8; 95%CI: 0.7-1.0, P = 0.02) ( Table 4 ).
The median OS from the time of relapse was significantly inferior for the early relapse group compared with the late relapse Figure 2c ). We then specifically examined the survival trends among the early relapse patients. Compared to patients transplanted in 2001-2004, patients with early relapse in the two later groups had improved OS from relapse (Figure 2d ). The survival estimates over time for this group of patients are shown in Table 5c . We subsequently performed multivariate analysis to examine factors predicting for post-relapse OS among patients relapsing early or late after AHCT. Risk factors for post-relapse OS on multivariate analysis included early relapse (HR 1.4; 95%CI: 1.3-1.6, P o0.0001), Karnofsky o90 (HR 1.2; 95%CI: 1.1-1.4; P = 0.007), stage III myeloma (HR 1.3; 95%CI: 1.1-1.4, P o 0.0001), 2+ lines of chemotherapy (HR 1.2; 95%CI: 1.1-1.4, P = 0.005), novel agent maintenance post-AHCT (HR 0.7; 95%CI: 0.6-0.9, Po 0.0001), and IgA myeloma (HR 1.3; 95%CI: 1.1-1.5; P = 0.0006) ( Table 6 ).
DISCUSSION
As the outcomes for MM patients continue to improve, disease heterogeneity has become increasingly evident, with nearly a quarter of patients continuing to have median OS of 2-3 years. [15] [16] [17] [18] [19] [20] These 'high-risk' patients are typically characterized by the presence of one or more cytogenetic abnormalities, but these abnormalities do not always account for the poor outcomes seen in some patients. Over the years, it has become apparent that patients with a short duration of response, particularly those relapsing early after AHCT, have a poor outcome, defining a functional high risk group of patients. 9, 10, 12 Even in the current era with major improvements in the treatment approaches, especially more uniform application of highly effective regimens incorporating proteasome inhibitors and immunomodulatory drugs, AHCT continues to play a major role in the treatment of myeloma. 2, 6, 7, 21 It is considered a standard component of the initial treatment approach for patients who can undergo this procedure. Much has changed in the context of transplant with better induction therapy, and uniform incorporation of posttransplant approaches such as consolidation and maintenance. 4, [22] [23] [24] [25] [26] [27] [28] [29] This study was undertaken to examine the clinical factors predicting early relapse in the face of these improvements in initial therapy and if the post relapse outcomes have improved with the increasing availability of novel classes of agents.
Examination of the baseline characteristics of the patients included in this study gives valuable information regarding the changing landscape of transplant utilization in North America, in the context of which the current results should be interpreted. 2 The demographic characteristics of the patients going to transplant within 12 months of diagnosis has remained consistent over the study period. It is interesting to note a trend towards decreasing proportion of patients with International Staging System (ISS) stage 3 in the recent years, and may reflect an overall shift towards earlier treatment intervention among patients, a fact to be considered when interpreting the results. 8 The type of induction regimens utilized pre-AHCT shows a significant shift towards use of proteasome inhibitor/immunomodulatory drug combinations such as VRD, which was used in nearly half of the patients in the recent group. The increased use of this regimen is consistent with the current recommendations based on results from the phase 3 trial of this regimen. 30, 31 The impact of this shift in induction regimen likely explains the increasing proportion of patients coming into transplant with just one line of initial therapy in the most recent cohort, and with chemo-sensitive disease. The quicker response seen with the newer regimens also likely explains the higher proportion of patients receiving transplant within 6 months of diagnosis in the most recent group. Finally, as expected a significantly higher proportion of patients were reported to have planned post-AHCT therapy in the form of maintenance with lenalidomide or bortezomib.
One of the striking findings of the current study is the lack of a substantial decrease in the proportion of patients who are relapsing within 24 months after AHCT; 38, 38 and 35% during the three consecutive periods. Given that patients are likely to be going into transplant with more chemo-sensitive disease, likely a deeper response and higher proportion with planned post AHCT therapy, the lack of improvement in this aspect of disease is intriguing as well as concerning. One potential explanation is that patients with genetically high-risk disease are being preferentially being steered towards transplant, but the proportion of ISS stage 3 disease being less in the recent years makes this explanation less likely. The proportion of patients progressing within 24 months of the transplant in the latest group is consistent with the findings from the phase 3 trial. 28, 29 In the CALGB 100104 trial nearly 50 and 25% of patients in the observation and maintenance lenalidomide arms, respectively had relapsed within 24 months consistent with the 36% overall rate of progression seen here. 29 It is possible that more patients whose disease achieve less than a VGPR after AHCT in the earlier years may have gone on to tandem AHCT and thus would be excluded from the current study. 32 It is also possible this represents underlying biology, that is not being significant impacted by the alterations in the short course of induction therapy regimen or the post-AHCT maintenance, but rather reflect an innate resistance to high-dose therapy. This is further underscored by the fact that the induction regimens were similar among the patients with a relapse within 24 months and those relapsing after 24 months. If that is indeed the case, it is important to understand the drivers and possibly predict the suboptimal outcomes such that we can design clinical trials for this high-risk patient population. The analysis does shed some light into the predictors of early relapse, information that could be utilized in designing clinical trials for this patient group. Consistent with prior data, patients with early relapse continues to represent a poor prognosis subgroup of patients, who clearly need a different approach to their management. 9, 12 In the current study, those relapsing within 24 months of transplant had a significantly shorter OS from the time of relapse, compared to those relapsing 24-48 months from AHCT. However, it is encouraging to see the improvement in survival of patients from the time of relapse in this high-risk group of patients over the years. The improvement is evident starting somewhere in the 2004-2008 period, and seems to be maintained over the subsequent years (Figure 2d ). This improvement in post-relapse survival likely reflects the introduction of the newer drugs and more consistent availability of these drugs and the use of drug combinations in the setting of relapsed disease. However, the lack of further improvement between the 2005-2008 cohort and the most recent group highlights the need for continued development of novel strategies. It is likely the effect of more recent improvements seen with newer drugs such as carfilzomib (FDAapproved in mid-2012), pomalidomide (FDA-approved in early 2013), ixazomib and monoclonal antibodies (FDA-approved later 2015) is likely not reflected here as our data set covers practice in 2000-2013. In addition to the timing of relapse, several other risk factors for poor outcome following post-AHCT relapse have been identified in the multivariate analysis. These include previously described factors such as the older age and poorer performance status, ISS stage III at diagnosis, IgA myeloma and 41 line of therapy prior to AHCT as well as lack of maintenance therapy following AHCT. It is certainly of interest that the post-relapse survival is higher among those who relapse on maintenance, suggesting lack of development of a more resistant disease phenotype among maintained patients and the availability of new classes of drugs in the recent years. This finding is consistent with what was seen in a recent meta-analysis of trials using post AHCT maintenance. 33 The major limitation of our study is the lack of cytogenetic data on patients. Because the CIBMTR only collected cytogenetic data after 2008, it is not possible to obtain this information. Further, even in the 2008-2013 cohort, there may be heterogeneous fluorescent in situ hybridization methodology, variable plasma cell enrichment and possibility of false negative results. Patients defined as stage 3 include DSS and/or ISS 3 given that the ISS was only developed in 2004 and our data include patients from the pre-ISS era. Lastly, we are unable to characterize whether the reported relapses were biochemical, clinical or radiological. Nevertheless, this study allows us, using a large database capturing the majority of MM AHCT activity in the region, to study systematically early relapsers after AHCT and assess changes in outcomes over time.
In conclusion, early relapse after initial therapy, in the context of an upfront transplant in this study, continues to be a risk and biology defining feature in myeloma. A relatively high constant proportion of patients with early relapse highlights critical aspects of biology that are not being addressed by current prognostic factors at diagnosis or current therapies. Identification of risk factors and well-designed laboratory studies of the tumor and microenvironment in these patients will lead to further improvements over time. The improved outcomes from relapse is encouraging and this is likely to improve over time with introduction of newer therapies. 
